Incorporation of arsenic and phosphorus in Ga x In 1؊x As y P 1؊y alloys grown by molecular-beam epitaxy using solid phosphorus and arsenic valved cracking cells
I. INTRODUCTION
The growth dynamics for Ga x In 1Ϫx As y P 1Ϫy on InP have been investigated with liquid-phase epitaxy ͑LPE͒, chloride vapor-phase epitaxy, metal-organic chemical-vapor deposition, 1 gas-source molecular-beam epitaxy ͑GSMBE͒, and metal-organic MBE processes. 2 This compound is critically important to lightwave communications because 1.3 m emitters and detectors are not possible to construct using any other III-V alloy. With the exception of LPE, all these growth techniques utilize extremely toxic sources such as hydrides and organometallic compounds. These hazardous materials require special handling and storage procedures as well as extensive safety monitoring apparatus, facilities, and personnel. This requires significant capital and maintenance costs which are ultimately reflected in the final price of the product. A way to eliminate these added expenses is to use a hydride-free epitaxial growth process such as MBE using all solid sources.
Although solid column-V sources have been used with MBE, a firm foundation for this technology was only recently established. The three key components of this technology are, in evolutionary order: the addition of a mechanical valve to the arsenic cracker cell to shutter the beam; 3 the inclusion of a cold-walled chamber to permit P beam flux stabilization; 4 and the in situ generation of a white P from amorphous red P as a constant vapor supply in a valved cracking cell. 5 Reproducible, high-quality quaternary alloy layers 6 and laser diodes, 7 with excellent characteristics, have been produced as a result of these technological developments. Even so, there is a total lack of much needed information regarding anion incorporation in Ga x In 1Ϫx As y P 1Ϫy using this growth technique. Ultimately, to fully exploit the potential of this growth process, knowledge is required of the interdependent relationships for temperature, column-III mole fraction, and incident column-V fluxes with that of the anion incorporation rates. Achieving reliable device manufacture necessitates such establishment. Unlike the column-III atoms ͑In and Ga in this case͒ below the congruent vaporization temperature, the sticking coefficients for As and P are not unity. In this work, we detail the results of an investigation into the hydride-free growth of Ga x In 1Ϫx As y P 1Ϫy using MBE employing solid phosphorus and arsenic valved cells. Trends are established that relate anion incorporation to standard growth parameters and we further demonstrate these parameters are useful for manufacturing laser structures.
II. EXPERIMENT
The growth apparatus is that of a Riber 2300 MBE system. The valved P cell used is a first generation Riber model KPC40 which has a 40 cm 3 capacity. This cell has three separately controllable temperature zones; a red P oven, a white P condensing reservoir, and a valved thermal cracking region. The valved arsenic cell is a third generation EPI model RB500VAs having a 500 cm 3 capacity. It has two temperature zones, the oven and valved thermal cracking region. The As source is 7N purity from Furukawa Company and the red P is 7N from Rasa Industries. The In and Ga sources were of the highest purity obtainable. The white P supply was produced by heating the red P oven to 360°C and rapidly cooling the resultant P 4 vapor within the reservoir section ͑with output valve closed͒. More exact details on the production of white P are given in Ref. 5 . The As oven temperature was 390°C while the P reservoir was held at 25°C during growth. The As and P cell thermal cracking regions were both 920°C. Growth temperatures were measured with an IRCON 6000 series optical pyrometer that was a͒ Work done while at AT&T Bell Laboratories; Present address: University of Illinois, ECE Dept., Urbana-Champaign, IL.
calibrated to a surface oxide desorption temperature of 510°C using InP. Starting substrates were S-doped, on axis ͑001͒ InP and all quaternary layers grown were unintentionally doped. Beam equivalent pressure ͑BEP͒ was measured by an ionization gauge, affixed to the growth manipulator, when it was rotated into the direct beam path. Even though there are certain inherent problems associated with such a measurement, we have previously shown that BEPs are useful in determining composition reproducibility. 6 Alloy composition was determined by x-ray diffractometry. Calibration of the column-III mole fraction was performed by a combination of flux guage, ex situ thickness and x-ray-diffraction measurements using the ternary portion, Ga x In 1Ϫx As, on InP. Photoluminescence ͑PL͒ is an unreliable method for determining composition since spinoidal decomposition and long-range spontaneous ordering processes cause unknown shifts in the PL emission energy. PL was useful only as a first-order technique for determining the optimum growth parameters and approximate emission wavelength.
III. RESULTS
Beam flux stability is critical to achieving reproducible, lattice-matched growth of Ga x In 1Ϫx As y P 1Ϫy . The timedependent behavior of the P beam flux, derived from in situ generated white P, as recorded by the flux ionization gauge is shown in Fig. 1͑a͒ . In this particular instance, the BEP was previously adjusted to be 3ϫ10 Ϫ6 Torr with the valve open. The output of the cell is stable as the BEP varies Ͻ2% over a several hour time period. The actual time required to achieve beam stability is on the order of 5 s and is essentially independent of valve position. This can be contrasted to a two zone cell ͑red P oven and cracking section͒ that does not utilized an in situ generated white P source, but rather, a red P source. The typical time dependent characteristics of such a cell ͑first generation EPI RP500VP͒ is shown in Fig. 1͑b͒ . Here when the valve is first opened, the primary source of the P 4 output vapor is the white P that has parasitically collected within the unheated ͑or thermally dead͒ regions internal to the cell. This region is typically, but not exclusively, the valve assembly. This unwanted collection of white P is so rapidly depleted that the valve must be continually adjusted open just to maintain a minimum growth flux. At some point in time, the most energetic P 4 molecules are depleted within the cell and a surface cooling occurs, and consequently a loss of beam flux results. Heterojunction device growth is for all practical purposes impossible with this cell because the process described is cyclic with valve closure.
The dependence of P incorporation as a function of BEP ratio for Ga x In 1Ϫx As y P 1Ϫy grown with three different Ga mole fractions ͑xϭ0.28, 0.31, 0.42͒ and at four different temperatures ͑430, 480, 500, and 525°C͒ are shown in Fig.  2 . The lattice-matched compositions with these Ga mole fractions have corresponding emission wavelengths of 1.3, 1.4, and 1.55 m respectively. The temperatures chosen are those commonly used for growth of photonic device structures. The incident BEPs, f P and f As , correspond to that of the P and As incident beam fluxes, respectively. Several trends are apparent in this figure. First, P incorporation monotonically increases with increasing growth temperatures and incident BEP in a nonlinear fashion. Second, P incorporation increases monotonically with ever larger Ga mole fractions. Arsenic was always found to preferentially incorporate within this growth temperature range. The fact that the P anion preferentially bonds to the Ga cation, and In to the As anion on the growth surface gives rise to well-known phase separation or miscibility regions in this material system. 8 An anion incorporation model for Ga x In 1Ϫx As y P 1Ϫy grown by MBE based upon thermodynamic arguments has FIG. 1. Time-dependent BEP behavior ͑upon valve opening͒ as measured with the flux ionization gauge for ͑a͒ the three-zone valved P cell using an in situ generated white P source, and ͑b͒ a two-temperature-zone valved P cell using a red P source.
FIG. 2. Phosphorus concentration, 1Ϫy
, as a function of linear BEP ratio for different growth temperatures and Ga mole fractions. The P and As BEPs are represented by f P and f As , respectively. Also plotted is a family of curves described by the equation shown. The fitting parameter n is a function of Ga mole fraction, total pressure, and growth temperature.
been presented. 9 Unlike the column-III species ͑or cations͒, anions are theoretically predicted to be nonlinearly dependent upon incident beam fluxes. The above-mentioned model also suggests that anion inclusion is strongly dependent upon the relative quantity of a particular cation. An empirical model 10 developed with GaAsP grown by GSMBE indirectly relates As/P incorporation to the square of the ratio of the beam fluxes through a fitting parameter. We apply a similar empirical model where the fitting parameter is a function of total beam pressure, Ga mole fraction, and growth temperature. Plotted in Fig. 2 along with the measured data is a family of curves described by the equation
where n(x,p,T) is the fitting parameter that is a function of Ga mole fraction, total beam pressure, and growth temperature, and r is the linear BEP ratio,
Although this model does not provide a good physical description of the surface chemistry, general agreement is obtained between it and the measured data. Some deviation is apparent with small BEP ratio. This is possibly due to differences in the V/III ratio of 4-6 used during growth. It should be mentioned here that typical growth BEPs were between 1.2-5.4ϫ10
Ϫ6 Torr for P, and 1.2-6.0ϫ10 Ϫ6 Torr for As.
A growth-temperature-dependent surface morphology was observed for quaternary compositions having corresponding emission between 1.25 and 1.36 m ͑0.91 and 1.0 eV͒. This is also the region where there appears to be strongest tendency toward spinoidal decomposition in this material grown by solid source MBE ͑SSMBE͒. This composition region is somewhat different than predicted for bulk material. 11 While keeping a constant V/III beam flux ratio, growth at 480°C was found to result in a rough surface morphology when the thickness exceeded ϳ0.5 m. At 500°C, a good surface morphology could be maintained up to ϳ0.7 m. When increased to 525°C, thicknesses well in excess of 1 m were grown without any apparent degradation in surface morphology. We suspect the strength of the phase separation contributes strongly to three-dimensional growth, although we have not been able to prove this conclusively. Layers grown outside this composition range, either with larger or smaller band gap energies, do not show a temperature-dependent morphology.
Strong 300 K PL intensity emission was achieved with a continuum of emission energies for lattice-matched layers between 1.15 m for Ga 0.14 In 0.86 As 0.325 P 0.675 and 1.58 m for Ga 0.42 In 0.58 As 0.911 P 0.089 . However, for compositions within the 1.25-1.36 m wavelength range ͑Ga 0.21 In 0.79 As 0.47 P 0.53 -Ga 0.27 In 0.73 As 0.62 P 0.38 ͒ PL intensity was extremely thickness and growth temperature dependent. This was not found outside this composition range, nor to the growth of InP and Ga 0.47 In 0.53 As. Room-temperature PL emission line widths with a full width at half-maximum ͑FWHM͒ as narrow as 35 meV were possible with the average on the order of 40 meV, regardless of composition. As will be shown, the material is of sufficient optical quality for which to fabricate double-heterojunction ͑DH͒ lasers with good light-current (L -I) characteristics.
The P mole fraction ͑1Ϫy͒ as a function of BEP ratio for the three applicable MBE growth techniques is shown in Fig.  3 . The data are indicative of the P/As BEP ratios that are required to obtain lattice-matched Ga x In 1Ϫx As y P 1Ϫy on InP. The required Ga mole fraction is implicit in the figure. The SSMBE and GSMBE 12 data were obtained at a growth temperature of 500°C. The metal-organic MBE ͑MOMBE͒ 13 data were acquired at 550°C. It is expected that the higher growth temperatures will show an enhanced P incorporation, in accordance with Fig. 2 . Respecting individual differences in growth temperature and BEP measurement errors, it becomes apparent that P is incorporated as readily for all three MBE growth processes. From this figure it can be ascertained that in situ generated white P is an equally effective source for quaternary growth.
The peak PL emission wavelengths measured for the SSMBE data of Fig. 3 along with that for three quaternary layers grown at 525°C are shown in Fig. 4 . Growth at 500°C enables virtually the entire permissible wavelength range to be achieved with Ga x In 1Ϫx As y P 1Ϫy latticed matched to InP. In the figure we have exclude the region between 1.25 and 1.36 m where PL intensity is thickness dependent. By its exclusion, though, we are not implying this emission range is unachievable. Quaternary layers grown at 525°C show consistently higher PL emission energies than those grown at 500°C. This energy shift with increasing growth temperature is indicative of long-range spontaneous ordering processes such as observed with MOCVD-grown quaternary material. 14 DH laser diode structures were grown with a broad range of active region compositions to demonstrate that the quaternary material and associated interfaces are of high quality. The DH lasers were grown on ͑001͒, on-axis- FIG. 3 . Dependence of the lattice-matched P concentration, 1Ϫy, as a function linear BEP ratio for SSMBE ͑this study͒, GSMBE ͑Ref. 12͒, and MOMBE ͑Ref. 13͒. Phosphorus incorporation is similar for all three methods.
oriented n-type InP substrates. Symmetric 1.5-m-thick InP layers were implemented as the cladding region material. The n-type confining layer was uniformly doped 1ϫ10 18 cm Ϫ3 with Si. The p-type confining layer was doped with Be at 1ϫ10
18 cm Ϫ3 near the active region. Midway through the p-type confining layer up to the contact layer interface, the doping level was increased to 3ϫ10 18 cm Ϫ3 to compensate for the lower p-type mobility. Both confining layers were grown at 480°C with a P BEP of 4ϫ10
Ϫ6 Torr and at rate of 1.2 m/h. It was determined unnecessary to grow the InP cladding layers at higher temperatures. The Ga x In 1Ϫx As y P 1Ϫy active regions were all undoped, 0.1 m thick, and grown at 500°C. The As and P BEP used depended upon the emission wavelength desired ͑see Fig. 2, 3 Broad area devices were fabricated with variable stripe widths and cavity lengths. Ridge definition was provided by removing the p-type Ga 0.47 In 0.53 As cap outside the stripe and etching into the p-type InP confining region. L -I characteristics and emission spectra were measured under pulsed operation with a 1 s pulse width and 1.5 kHz repetition rate. Laser emission was achieved for DH structures at 1.21, 1.41, 1.48, and 1.53 m having a correspondingly different active region compositions. This is shown in Fig. 5 . The spectra at 1.32 m is that from a heterojunction laser with a quaternary quantum-well ͑QW͒ region. The average threshold current density measured for the 60ϫ500 m 2 DH structures was ϳ2.0 kA/cm 2 with slope efficiencies ranging between 0.21 and 0.24 W/A. The lowest threshold current density obtained for a 60ϫ500 m 2 stripe was 1.7 kA/cm 2 . The L -I characteristic is shown in Fig. 6 . The best d measured was 28%. This d is among the highest and threshold current density the lowest reported in the literature for DH structures with a quaternary active region.
IV. CONCLUSION
The anion incorporation behavior for Ga x In 1Ϫx As y P 1Ϫy lattice matched to ͑001͒ InP with SSMBE using As and P valved cells was determined. Anion incorporation was dependent upon growth temperature, Ga mole fraction, and incident As and P beam fluxes. The incorporation of P was found similar to that of GSMBE and MOMBE, implying solid P is as effective as PH 3 . For growth temperatures between 430 and 525°C, and Ga mole fractions from 0.31 to 0.42, As always preferentially incorporated. The relative amount of P that can be incorporated was greater for higher growth temperatures and larger Ga mole fractions. The P composition is accurately predicted from BEP measurements and is dependent upon the square of the incident As and P beam fluxes. A surface morphology dependent upon thickness and growth temperature was observed for compositions falling between Ga 0.21 In 0.79 As 0.47 P 0.53 and Ga 0.27 In 0.73 As 0.62 P 0.38 . This is currently suspected to be a consequence of spinoidal decomposition. Regardless, PL emission wavelengths ranging from 1.15 to 1.58 m were obtainable.
InP-based DH lasers were constructed with different quaternary active regions. Lasing wavelengths between 1.21 and 1.53 m were produced. The best broad area threshold current density recorded was 1.7 kA/cm 2 with a differential quantum efficiency as high as 28%. These compare favorably with the best reported values. The data show that white P, derived in situ from red P, and As valved sources enable MBE to grow state-of-the-art devices using Ga x In 1Ϫx As y P 1Ϫy without hydrides and organometallic sources.
